This work presents the synthesis and characterization of a novel compound, 4-(2-(2-(2-formylphenoxy)ethoxy)ethoxy)phthalonitrile as the aldehyde functional group substituted as a phthalonitrile derivative. The spectroscopic properties of the compound were examined through Fourier-transform infrared spectroscopy, Proton nuclear magnetic resonance, Carbon nuclear magnetic resonance, Ultraviolet-visible spectroscopy, Mass spectrometry and elemental analyses. The molecular structure of the compound was also confirmed using X-ray single-crystal data with a theoretical comparative approach.
INTRODUCTION
Phthalonitrile derivatives are the most widely used precursors for the preparation of phthalocyanines, an important class of molecules [1] . In addition, phthalonitriles are used for the synthesis of high-performance polymers that display good mechanical properties and thermal stability [2] .
A comprehensive understanding of phthalocyanine compounds continues to this day due to increasing interest on the 18-π electronic delocalization, thermal, photostability, coordination and optical properties. Their architectural flexibility also allows for the chemical and physical properties of these molecules to be regulated, which is an extraordinary feature for material science and allows these compounds to be used in many applications such as chemical sensors, photodynamic cancer therapy, liquid crystals, catalysis and non-linear optics [3] [4] [5] [6] [7] .
The preparation of phthalocyanines is carried out via a cyclotetramerization reaction of phthalonitriles. The synthesis of phthalonitriles carrying functional groups leads to the formation of functionalized phthalocyanines. Phthalocyanines containing reactive groups have been a target of interest for chemists to switch to new molecular materials [8] .
In this context, the development of aldehyde-substituted phthalocyanines from related phthalonitriles is crucial since they may carry out further chemical reactions on the macrocycle to prepare a Schiff base which is important for the development of coordination chemistry [9] .
Using quantum chemistry and computation methodologies can elucidate atomic structures, charges and energetic information of the systems with an accuracy equivalent to or greater than those obtained experimentally. Therefore, theoretical calculations have been widely used as an effective tool for the intelligent design of new structures and for the investigation of the underlying structure-activity relationship.
In this study, the synthesis and characterization of 4-(2-(2-(2-formylphenoxy)ethoxy)ethoxy) phthalonitrile was performed to prepare an alternative starting material for the synthesis of different aldehyde substituted phthalocyanines. The x-ray crystallographic characterization of the second phthalonitrile derivative was performed as well as computational studies, which included geometry optimizations, HOMO and LUMO energies, determining molecular descriptors and NMR. These studies were performed with the DFT/B3LYP method in different solvents. The theoretical results obtained from the computational studies were compared with experimental data.
EXPERIMENTAL

Chemicals and instruments
The following chemicals were obtained from Sigma-Aldrich; salicylaldehyde, 2-(2-chloroethoxy) ethanoethanol, acetonitrile, K2CO3, nitrophthalonitrile, dimethylformamide (DMF), hexane, chloroform (CHCl3), methanol (MeOH), ethanol (EtOH) and diethylether. All other reagents and solvents were reagent grade quality and obtained from commercial suppliers. All solvents were stored over molecular sieves (4Å) and subsequently dried and purified, as described by Perrin and Armarego [10] . An anaerobic, inert atmosphere was supplied by argon through a dual-bank vacuum-gas manifold system. Thin-Layer chromatography (TLC) was performed using silica gel 60-HF254 as an adsorbent. Column chromatography was performed with a silica gel (Merck grade 60) and size exclusion chromatography was conducted with a Bio-beads gel (SX-1). Melting points were determined using a Barnstad-Electrotermel 9200 apparatus and are uncorrected. Electronic spectra were recorded on a Shimadzu UV-2600 Pc-spectrophotometer with a 1 cm quartz cell. Infrared spectra were recorded on a Perkin Elmer Spectrum two FT-IR spectrophotometer equipped with Perkin Elmer UATR-TWO diamond ATR and corrected by applying the ATR-correction function of Perkin Elmer Spectrum software. The 1 H and 13 C NMR spectra were recorded with a Varian Mercury Plus 300 MHz spectrometer. Mass analysis was measured on a Micro-Mass Quatro LC/ULTIMA LC-MS/MS spectrometer. The elemental composition of the sample was analyzed with an element analyser (Flash 2000, Thermo Scientific).
X-ray crystallography
A suitable single crystal of the title compound was mounted on goniometer and data were collected at a STOE IPDS II (2 image plate detector) using a graphite monochromated MoKα radiation (λ = 0.71073 Å). Cell parameters of the compound were determined with WinGX software [11] . The structure of the titled compound was solved by the direct methods procedure in the SHELXS-97 program [12] ; all the non-hydrogen atoms were refined anisotropically using the SHELXL-2014/7 program [13] .
The molecular figures were prepared with the help of Mercury and ORTEP-3 program packages [14, 15] . All geometrical calculations were carried out using the program PLATON [16] . All non-hydrogen atoms were fixed geometrically. Selected crystallographic and refinement results for the compound are presented in Table 1 
Computational methods
A conformational search to determine the stable structure of synthesized compound was performed with a semi-empirical PM6 method [17] using the program Spartan'16 v1.1.4 [18] . The obtained most stable conformer structure was optimized with a semi-empirical PM6 method and the Density Functional Theory (DFT) B3LYP (Becke's Three Parameter Hybrid Functional using the Lee, Yang and Parr Correlation Functional) [19] with the 6-311++G(d,p) method in the gas and DMF phases with the IEF-PCM approach [20] . The EHO-MO-ELUMO were calculated using time-dependent density functional theory (TD-DFT) at the B3LYP/6-311+G(d,p) levels in DMF phase, which was done by using the Self-Consistent Reaction Field (SCRF) method. The calculation of nuclear magnetic resonance (NMR) shielding tensors with the Gauge-Independent Atomic Orbital (GIAO) [21] method was computed with same basis set for the synthesized compound when gas, CDCl3 or d-DMSO were used as a solvent. At the same time molecular descriptors such as electronegativity (χ), electron affinity (A), hardness (η), softness (S), electrophilicity index (ω) must be defined by the same computational methods. There is a practical calculation method to calculate for chemical hard- where I is the ionization potential and A is the electron affinity. The Koopman's theorem was used for the calculation of I and A values derived from the frontier orbital energies of optimized neutral molecules, according to this theorem I = -EHOMO and A = -ELUMO. Using Koopman's theorem, the chemical hardness and electronegativity are defined in terms of orbital energies (Eq. 2):
Eq. 2
The ω and S values are calculated by the following Eq. 3:
Eq. 3
All visualizations and calculations were carried out with the methods implemented in GaussView5.0 [23] and Gaussian 09 package [24] .
Synthesis
2-(2-(2-hydroxyethoxy)ethoxy)benzaldehyde (1)
The preparation of 1 was carried out by reaction of salicylaldehyde and 2-(2-chloroethoxy)ethanol according to the published literature [25] . The spectral data of 1 are in accordance with the published structure.
4-(2-(2-(2-formylphenoxy)ethoxy)ethoxy) phthalonitrile (2)
4-Nitrophthalonitrile (0.5 g, 2.9 mmol) and 2-(2-(2-hydroxyethoxy)ethoxy)benzaldehyde (1) (0.61 g; 2.9 mmol) were dissolved in N,N-dimethylformamide (15ml), dissolved and degassed by argon in a dual-bank vacuum-gas manifold system. After stirring for 15 minutes, finely ground anhydrous potassium carbonate (1 g, 7.2 mmol) was added portion-wise over two hours with efficient stirring. The suspension solution was maintained at 60 °C for 24 hours. The progress of the reaction was monitored by TLC using CHCl3/Hexane (5/1) solvent system. When the reaction was completed, the crude product was precipitated by pouring it into ice water (100 ml). The water phase was extracted with diethylether (3 × 25 ml) and the combined organic extracts were washed with water and dried over Na2SO4. The product was then purified with column chromatography on a silica-gel and eluting with a CHCl3/Hexane (5/1) solvent system to yield (2) as white solid (yield = 92 % (0.89 g)).
FT-IR (UATR-TWO TM )  max/cm As a first step, 2-(2-(2-hydroxyethoxy)ethoxy)benzaldehyde (1) was prepared by reacting of commercially available salicylaldehyde with 2-(2-chloroethoxy)ethanol in acetonitrile in the presence of K2CO3 using an established procedure [25] . The compound 4-(2-(2-(2-formylphenoxy)ethoxy)ethoxy)phthalonitrile (2) was obtained as a white powder from the reaction of 2-(2-(2-hydroxyethoxy)ethoxy)benzaldehyde (1) and 4-nitrophthalonitrile, using K2CO3 as a catalyst in DMF through stirring at 60 °C for 24 hours. The purification of 2 was performed by column chromatography (silica gel, eluent: CHCl3/Hexane -5/1), resulting in 92 % yield. A suitable crystal of molecule 2 was isolated for x-ray analysis upon crystallization from a CHCl3/methanol solution.
The characterization of product (2) was carried out through combination of methods including FT-IR, 1 H-NMR, 13 C-NMR, mass spectroscopy and elemental analysis. All the spectral data are in accordance with the proposed structure. More specifically, when comparing the FT-IR spectra of 1 and 2, the disappearance of -OH vibration at 3399 cm -1 and the appearance of new absorption bands at 2229 cm -1 clearly indicated the formation of 2. The peak attributed to the -C=O stretching was observed at 1657 cm -1 in the FT-IR spectra of compound 1, but shifted to 1681 cm -1 in the FT-IR spectrum of compound 2. In addition, the typical aliphatic -C-H vibrational bands at 2935-2873 cm -1 were assigned to -C-H stretching of the ethylene groups of compound 2. The other sharp peaks at 1286 cm -1 , 1242 cm The 1 H-NMR data provided satisfactory information about the proposed structure of the target compound (2). When comparing the 1 H-NMR spectra of compound 1 and 2, the disappearances of the OH proton signal of 2-(2-(2-hydroxyethoxy)ethoxy)benzaldehyde (1) in the 1 H-NMR spectra in compound 2 and the appearance of new peaks in aromatic region at 8.24 ppm, 7.45 ppm, 7.23 ppm arising from phthalonitrile unit are evidence of the substitution of the phthalonitrile derivative 2 (Fig. 2) . Aliphatic peaks belonging to ethylene chains were observed at 4.30 ppm and 3.88 ppm as a triplet; these peaks were expected results. The other aromatic peaks where the aldehyde is present were seen at 7.74-7.66 ppm, 7.45 ppm and 7.11-7.05 ppm. The characteristic aldehyde proton was detected as a singlet at 10.34 ppm.
In the 13 C-NMR spectrum of compound 2 (Fig. 3) , the presence of the signal at 116.91 ppm and 116.42 ppm attributed to the nitrile carbon atoms are distinct differences from compound 1. The aromatic carbon atoms peaks were appeared at between 162.51 ppm and 114.62 ppm. The aliphatic carbon peaks linking two aromatic rings emerged at 69.41 ppm and 68.96 ppm. The theoretical The mass spectrum of compound 2 was obtained by the LC-MS/MS spectrometer, thus confirming the proposed structure. In the mass spectrum of 2, the presence of molecular ion peak (m/z: 338. 25 + in the mass spectrum (Fig. 4)   Figure 4 . Mass spectrum of 2. 
T a b l e 2
Theoretical (according to the calculations of B3LYP/6-311+G(d,p) in different solvents
Crystal structure description of the compound
The compound crystallizes in the monoclinic space group P21/c with one molecule in the asymmetric unit. The single crystal X-ray structure is shown in Figure 5 . In the title compound, the phthalonitrile ring and the formylphenoxy ring are non-planar, while the dihedral angle between the two rings is 79.4(1)˚.
The selected geometric parameters (Table 3 ) at oxygen and nitrogen atoms also show substantial variations from threefold symmetry. The similarity of the C-O bond lengths, apart from the C19-O4 bond length, indicates localized bonding arrangements rather than delocalized bonds. The O4-C19-C18 angle around the carbonyl carbon of the aldehyde group is 122.5(6)˚. At the same time, this angle was calculated with the theoretical method, which reported the O-C-C angle as 124.886˚ and -124.906˚ in gas and DMF phases, respectively.
The conformation about the two cyano groups C1-N1 and C8-N2 bonds are 1.141(6) and 1.140 (7) Å (where the N1-C1-C2 and N2-C8-C7 dihedral angle is 179.0(6) and 178.4(6)˚, respectively (Table 3) . These lengths follow literature values [26] . The optimized geometric structure with DFT/B3LYP/6-311++G(d,p) method in the gas and DMF phases is also compared with the experimental values in Table 3 . These C1-N1 and C8-N2 bonds lengths are computed 1.15505 and 1.15561 Å in gas and 1.5523 and 1.15621 Å in DMF phase, respectively. Furthermore, the N1-C1-C2 and N2-C8-C7 dihedral angles are calculated 177.890 and 178.628˚ in gas and 178.939 and 179.101˚ in DMF phase, respectively. The obtained values in the solvent phase overlap more according to the gas phase. In the crystal, hydrogen-bonding and Van der-Waals interactions are dominant. The H atoms in the phthalonitrile ring form intermolecular C-H…N and C-H…O interactions, linking molecules to form chains (Figure 6b ). Intermolecular C-H…π interactions support hydrogen bond geometry. An interaction occurred between the centre of the Cg (2) Table 4 . The HOMO-LUMO energies are directly related to ionization potential and electron affinity. The energy and distribution of the HOMO-LUMO orbitals and difference between EHOMO-ELUMO gap are an essential point of stability for the molecules. A molecule with a small gap is more polarized and known as soft molecule. HOMO-LUMO orbital distribution and bandgap values of a synthesized compound were calculated by theoretical methods gathered in gas and DMF phases (Fig.7 ).
Selected bond lengths (Å) and angles (˚) for C19H16N2O4 structure. These data include those obtained experimentally and those calculated with the DFT/B3LYP/6-311++G(d,p) method in both gas and DMF phases
T a b l e 4
Hydrogen-bond geometries (Å, ˚) for C19H16N2O4
An important point that the HOMO orbitals are mainly localized on the formylphenoxy, whereas the LUMO orbitals are distributed within the phthalonitrile groups of the molecule. This means that the formylphenoxy group in the molecule would be more easily attacked. Another point is that EHOMO-ELUMO bandgap (0.15926 eV) in DMSO is smallest value in all studied phases, showing that the molecule in the DMSO solvent has a stronger electron donating ability. Molecular descriptor values obtained from the total energy for the title molecule in both gas and different solvents such as DMF, DMSO and CDCl3 are listed in Table 5 . The hardness value (η) is one-half the HOMO-LUMO gap of title molecule. Therefore, the larger the gap, the greater the hardness and thus stability of the title molecule. This property is therefore a powerful indicator that ultimately determines that hard molecules are less reactive than softer molecules. Table 5 shows that hardness is affected by solvent selectivity. In the gas phase and the phases of all of the studied solvents, the molecule has larger hardness value in when dissolved in DMSO. This finding is according to the greater hardness value of the molecule, indicating its greater stability. As hard molecules are less reactive than softer molecules [27] , the stability order is therefore DMSO>CDCl3>DMF>gas phase. A molecule with low chemical potential is a good electrophile, while an extremely hard molecule has feeble electron acceptability. Electrophilicity depends on both the chemical potential and the chemical hardness [28] . The calculated χ and ω values show that the more polar a solvent, the more it contributes to accentuate the parametric representation of activity. Additionally, we observed that solvent selection has a considerable effect on electrophile/nucleophile interactions. 
CONCLUSION
In this work, 4-(2-(2-(2-formylphenoxy) ethoxy)ethoxy)phthalonitrile (compound 2) was synthesized and characterized by FT-IR, 1 H-NMR, 13 C-NMR, UV-vis, MS, elemental analyses. This compound was obtained as single crystal, suitable for X-ray analysis. All crystallographic data agree with the theoretical bond lengths, angles, dihedral angles of compound 2. The 1 H-NMR and 13 C-NMR results of the theoretical spectra agree with the experimental data. The value of the energy separation between the HOMO and LUMO provides important information about the title compound studied in gas, CDCl3 and DMSO. The EHOMO-ELUMO bandgap (0.15926 eV) in the DMSO is the smallest value in all studied phases, indicating that the molecule in DMSO solvent has stronger electron donating ability. Molecular descriptor values allow us to evaluate the molecule in terms of reactivity. These results imply that the molecule has larger hardness value in DMSO solvent, meaning that it is less reactive there than in any of the other studied solvents.
